Temperature is one of the most important environmental factors regulating the activity and determining the composition of the microbial community. Analysis of microbial communities from six water-flooding petroleum reservoirs at temperatures from 20 to 63
microbial conversion of residual oil to methane (natural gas) has received renewed attention in the past decade (Parkes, 1999; Suflita et al., 2004; Gieg et al., 2008; Jones et al., 2008; Wang et al., 2010 Wang et al., , 2011 Mbadinga et al., 2011 Mbadinga et al., , 2012 . Microorganisms with diverse physiological and metabolic abilities and phylogenetic affiliations have been recovered from oil reservoirs by culture-dependent and culture-independent 5 approaches since the first sulfate-reducing bacteria (SRB) was isolated from production water (Bastin et al., 1926) . Though isolation efforts have identified numerous bacterial and archaeal species that are capable of mediating various metabolic processes occurring in oil fields, culture-independent 16S rRNA gene-and functional genes-based investigations have provided new information on the microbial community composition 10 in such deep-subsurface ecosystem (Li et al., 2010 (Li et al., , 2011 .
Culture-independent surveys of high-temperature oil reservoirs have been conducted in oil fields in continental and offshore California (Orphan et al., 2000 (Orphan et al., , 2003 , an offshore oil field in Qinghuang, China (Li et al., 2007b) , Huabei oil field in continental China (Li et al., 2006 (Li et al., , 2007a , Dagang oil field in China (Nazina et al., 2006) , 15 and in Troll oil formation in the North Sea (Dahle et al., 2008) . Bacterial sequences affiliated with Firmiucutes are the most frequency detected in these high-temperature oil reservoirs. In addition, the discovery of moderately thermophilic members of the Bacteroidetes (genus Anaerophaga) in Troll oil formation in the North Sea and sulfate reducing Nitrospira (genus Thermodesulfovibrio) in the Huabei and Qinghuang 20 oil fields in China have not been previously isolated from oil reservoirs. Most of Archaeal belong to methanogens including methyltrophic, acetoclastic as well as CO 2 -reducing methanogens and CO 2 -reducing methanogens are the most common members in high-temperature oil reservoirs. Moreover, methanogenesis from acetate driven by syntrophic acetate oxidation has been documented in high-temperature reservoir Introduction
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The ecological processes of these microorganisms play considerable important roles in energy flow and nutrients cycling in subsurface ecosystem. The distribution of different microbial community structures in petroleum reservoirs depends entirely on their adaption to the in situ physical and chemical variables, including temperature, pH, and salinity. Despite of the available studies on microbial population both in high-or low-10 petroleum reservoirs, microbial populations in reservoirs from low to high temperatures has not been studied in a single investigation. In this report, the distribution of microbial community in petroleum reservoirs from production water of several petroleum reservoirs at temperature of 20, 32, 37, 45, 58 and 63 • C was investigated by 16S rRNA gene library analysis. Microbial community data were also correlated with environmen-15 tal factors using canonical correspondence analysis (CCA).
Materials and methods

Collection of sample and nucleic acid extraction
The production water samples of six production oil wells (S1-S6) from six Block affiliated with 3 oil fields of China: Well Z3-26 belongs to Zhan 3 of Shengli oil field; Well the different temperature petroleum reservoir, these samples were grouped into two classes: high-temperature (45 ∼ 63 • C) and low-temperature (20 ∼ 37 • C).
Ten liters of production water at wellhead were taken from each of the six production oil wells from six petroleum reservoirs. Samples were collected into sterile bottles to full capacity after discarding the initial oil/water mixture. The bottles were tightly sealed 5 to avoid oxygen intrusion and immediately transported to the laboratory and filtered directly to minimize the chance of community changes. During filtration procedures, the residual oil was removed by heating the sample to 50
• C for 15 min and by phase separation in 2 l sterilized separatory funnel. The water samples were filtered through 0.22 µm polycarbonate membranes (25 mm diameter; Millipore, Bedford, USA). The polycarbonate membranes containing the cells was placed in a sterile centrifuge tube containing sterile silica beads for beating to break the cells. Genomic DNA was extracted by a method developed previously in this laboratory (Li et al., 2007b) .
16S rRNA gene amplification and cloning
16S rRNA genes were amplified by PCR using the primers B27F [5 - (Wang et al., 2007) . The nearest relatives of each OTU were identified using the BLASTN network service (Altschul et al., 1997) . Chimeras were detected using Bellerophon, version 3 (Huber et al., 2004; DeSantis et al., 2006) and removed from further examination. Phylogenetic trees were constructed based on the neighbor-joining algorithm (Saitou and Nei, 1987) using the 15 MEGA5 software (Tamura et al., 2011) . Bootstrap analysis with 1000 replicates was applied to assign confidence levels to the nodes in the trees.
Statistical analysis
The coverage of each clone library was calculated by the equation
where n 1 is the number of OTUs represented by only one clone and N is the total num-20 ber of clones examined (Good, 1953) . To examine the temperature distribution of microbial community in production water of petroleum reservoir, 16S rRNA gene sequences were analyzed with the online software UniFrac (http://bmf2.colorado.edu/unifrac/) using the principal coordinates analysis (PCoA) as suggested previously (Lozupone and Knight, 2005) . Correlations between the microbial communities and environmental Introduction 
Nucleotide sequence accession numbers
Partial 16S rRNA gene sequences for Bacteria and Archaea obtained in this study were deposited in GenBank databases under accession numbers JQ433723-JQ433816 and 5 JF754550-JF754565.
Results
Diversity of microbial community in water-flooding petroleum reservoirs
Six production water samples from six water-flooding petroleum reservoirs with different temperatures were analyzed by PCR amplification with bacterial and archaeal 10 specific primer sets. For the members in the domain bacteria, 93, 226, 254, 80, 185 and 142 clones were randomly selected from the libraries of production water samples S1, S2, S3, S4, S5 and S6, respectively. Of the total sequences screened by MOTHUR software version 1.6, 5, 16, 10, 13, 30 and 31 operational taxonomy units (OTUs) were obtained from S1, S2, S3, S4, S5 and S6, respectively and classified into 15 thirteen different phylogenetic groups (phylum level) (Figs. 1-3 ). The coverage of the clone library was 100 % for S1, S2, S3 and S5, and 96 % for S4, as well as 99 % for S6 from rarefaction analysis. For the members in the domain archaea, 125, 56, 79, 60, 24 and 33 clones were randomly selected from the libraries of production water samples S1, S2, S3, S4, S5 and 20 S6, respectively. Of the total sequences screened by MOTHUR software version 1.6, 5, 1, 4, 2, 2 and 2 OTUs were obtained from S1, S2, S3, S4, S5 and S6, respectively and classified into eleven different phylogenetic groups (genus level) (Fig. 4) . The coverage of the clone library was all 100 % except 98 % for S1 from rarefaction analysis. Bacterial and archaeal DNA sequences based on the percentage representation of major phylum or genus in clone libraries from the six different temperature reservoirs are shown in Fig. 5 . The bacterial sequences were clustered within thirteen phyla: Proteobacteria ( α-, β-, γ-, δ-, ε-) , Firmicutes, Bacteroidetes, Actinobacteria, Chloroflexi, Thermotogae, Thermodesulfobacteria, Compared with low temperature reservoir, bacterial sequences affiliated with the phylum Firmicutes account for the highest percentage in S2 (65.9 %) and S3 (29.9 %) from high temperature petroleum reservoir. In contrast, Proteobacteria (α-, β-, γ-, δ-, ε-) account for the highest percentage in the S4, S5 and S6 from low temperature petroleum reservoirs. α-Proteobacteria increased with the decrease of petroleum 10 reservoir temperature, but the percentage of β-Proteobacteria decreased with the reduction of petroleum reservoir temperature. γ-Proteobacteria shared similar high percentage (30 ∼ 40 %) in the S4, S5 and S6 as well as in S2 (31.5 %). However, it is inetresting that all the bacterial sequences affiliated with γ-Proteobacteria are found in S1. ε-Proteobacteria was encountered in S2 and S5 accounting for 2.7 % and 5.1 %,
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respectively. γ-Proteobacteria was detected in S3 and S6 with 7.1 % and 0.7 %, respectively. Bacteroidetes was another frequently encountered phylum in low temperature petroleum reservoir of S5 and S6 for 9.0 % and 17.6 %, respectively. Thermotogae with higher percentage accounted for 19.5 % in a high temperature petroleum reservoir. The remaining bacterial phyla account for relative low abundance in the six petroleum 20 reservoirs.
The archaeal sequences were clustered within eleven phylogenetic groups (genus level): Methanocella, Methanosaeta, Methanomethylovorans, Methanolinea, Methanocalculus, Methanoculleus, Methanothermobacter, Methanobacterium, Thermococcus, Halogeometricum and Thermogymnomonas. In the high-temperature oil 25 reservoirs, most of the genera belong to the thermophilic archaea. The sequences affiliated with the genus Thermococcus and Methanothermobacter were account for high percentage, 88.8 % of total archaeal clones with the genus Thermococcus in S1 and all the archaeal clones affiliated with the genus Methanothermobacter in S2. The sequences affiliated with the genus Methanomethylovorans was only found in S3 accounting for 54.4 %. The sequences affiliated with the genus Methanolinea were detected in S4 with a high percentage (70 %). The sequences affiliated with the genus Methanobacterium were the most abundance in low temperature petroleum reservoir, accounting for 79.2 % in S5 and 66.7 % in S6. 
Microbial community classification of water-flooding petroleum reservoirs
PCoA of bacterial and archaeal community structures were carried out by Unifrac based on the phylogenetic tree of 16S rRNA gene sequences in the six investigated petroleum reservoirs indicates that bacteria and archaea display high niche specificity ( Fig. 6 ). S5 and S6 were collected from low temperature petroleum reservoirs grouped together, sharing similar bacterial and archaeal community structures. Although S1 and S2 represented high temperature petroleum reservoirs, both bacteria and archaea community structure did not grouped together because of a great difference in mineralization and the concentration of Cl − . In addition, S2 and S3 grouped together, sharing similar bacterial community structures in PCoA of bacterial classification while S3 and 15 S4 grouped together, sharing similar archaeal community structures in PCoA of archaeal classification.
Correlations of microbial communities with environmental factors
To find out the relationships between the distribution of microbial community and the environmental variables of the petroleum reservoirs, canonical correspondence analy-20 sis was conducted based on the bacterial and archaeal 16S rRNA gene sequences and the major physiochemical parameters of petroleum reservoirs (Table 1 ). The first two axes of the CCA analysis explained 69.9 % and 55.3 % of the total variance for the bacterial and archaeal communities, respectively ( Beeder et al., 1995; Cayll et al., 1995; Jeanthon et al., 1995; Ravot et al., 1995; Rees et al., 1995; Fardeau et al., 1996 Fardeau et al., , 1997 Nilsen et al., 1996) .
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In this study, although S1, S2, S3 represent thermophilic temperature, not all of the bacterial sequences belong to thermophilic microorganisms, especially the bacterial sequences affiliated with Pseudomonas spp. within the phylum γ-Proteobacteria in S1 with temperature at 63 • C. It may be that the sample was contaminated during handling judging by the single type of bacterial diversity and non-temperature dependent 20 of physiological characteristics. However, it is a general trend that microbial populations are greatly reduced in petroleum reservoirs with the combination of high-temperature, high-mineralization and high concentration of SO 2− 4 . High-temperature oil reservoirs contained bacterial sequences affiliated with the α-, β-, γ-, δ-, and ε-Proteobacteria, but low-temperature oil reservoirs by the γ-Proteobacteria. This is best illustrated by 25 the no correlation between physicochemistry and phylogeny, where γ-Proteobacterial sequences related to strict aerobes and facultative anaerobes.
In addition, CCA analysis indicated that temperature exhibited the greatest influence on the archaeal community. The archaea identified from the petroleum reservoirs are overwhelmingly methanogens including methyltrophic (Methanomethylovorans), acetoclastic (Methanosaeta) and CO 2 -reducing methanogens (Methanothermobacter, Methanoculleus, Methanobacteria, Methanocalculus Methanocella and Methanolinea), possibly being mesophilic or thermophilic. In contrast, in sample S1 with the highest temperature (63 • C), besides Methanosaeta (0.8 % of total clones), majority of 5 the clones were phylogenetically related to the genus Thermococcus (88.8 % of total clones) and to the species T. sibiricus (99 % sequence similarity) in these reservoirs (Fig. 4) . Clones pertaining to Thermogymnomonas (9.6 % of total clones) and Halogeotricum (0.8 % of total clones) were also detected, but at a less extent in sample S1. In this respect, the ecological significance of methanogenic archaea in petroleum reservoirs is to serve as terminal electron acceptor, e.g., hydrogenotrophic ones in the complete oxidation of hydrocarbons. Most of the sequences assigned to CO 2 -reducing methanogens in present researchis in line with the view that CO 2 -reducing methanogens being the most commonly encountered in both cultivation and culture-independent studies of oilfield archaea (Head et al., 2010) . Moreover,
methanogenesis from acetate driven via syntrophic acetate oxidation has been documented in high-temperature oil reservoirs and is responsible by MethanothermobacterThermoanaerobacter co-culture (Shestakova et al., 2011) as well as in methanogenic alkanes degradation enrichment derived from production water of high-temperature oil reservoir (Mbadinga et al., 2012) . Furthermore, the high apparent abundance of ther-20 mophilic, syntrophic acetate, propionate, isobutyrate and butyrate-oxidizing bacterium Firmicutes (Thermoanaerobacter ) as well as thermophilic CO 2 -reducing methanogens Methanothermobacter, coupled with the transiently high levels of corresponding substrate metabolites detected in high-temperature oil reservoir (Table 1) , further demonstrating that syntrophic acetate oxidation is the main methanogenic pathway in a high-25 temperature petroleum reservoirs in situ. In addition to the well-known CO 2 -reduction pathways, the type of methyl/methanol-utilizing methanogens as the second most common group in the present research contribute significantly in subsurface biogas formation (Strapoc et al., 2011) . Although obligate acetate utilizers are represented by small populations of Methanosaeta, the potential contribution of acetate pathways cannot be ignored. In addition, metabolic types of the active methanogens vary substantially between reservoirs and appear to be controlled by local geochemical conditions within the reservoirs.
Conclusions
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Taken together, the presence of physiologically diverse and temperature-dependent microbial community inhabiting in petroleum reservoirs. The high abundance thermophilic archaea including the genus Thermococcus, Methanothermobacter and Thermoplasmatales, and the bacterial sequences belong to the phylum Firmicutes, Thermotogae and Thermodesulfobacteria in high-temperature petroleum reservoirs relative to low-10 temperature petroleum reservoirs. The high abundance of the archaeal sequences belong to the genus Methanobacterium, Methanoculleus and Methanocalculus, and bacterial sequences belong to the phylum Proteobacteria, Bacteroidetes and Actinobacteria in low-temperature petroleum reservoirs relative to high-temperature petroleum reservoirs. The results of canonical correspondence analysis (CCA) and principal co-
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ordinates analysis (PCoA) showed a consistency between the phylogenetic data and the physicochemical measurements for the sampled environment and further demonstrated that syntrophic acetate oxidation is the main methanogenic pathway in a hightemperature petroleum reservoirs. Tables  Figures   Back  Close Full Screen / Esc
BGD Introduction Conclusions References
Interactive Discussion
Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | Altschul, S., Madden, T., Schaffer, A., Zhang, J., Zhang, Z., Miller, W., and Lipman, D.: Gapped BLAST and PSI-BLAST: a new generation of protein database search programs, Nucl. Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | Fardeau, M.-L., Ollivier, B., Patel, B. K. C., Magot, M., Thomas, P., Rimbault, A., Rocchiccioli, F., and Garcia, J.-L.: Thermotoga hypogea sp. nov., a xylanolytic, thermophilic bacterium from an oil-producing well, Int. J. Syst. Bacteriol., 47, 1013-1019, 1997. Gieg, L. M., Duncan, K. E., and Suflita, J. M.: Bioenergy production via microbial conversion of residual oil to natural gas, Appl. Environ. Microbiol., 74, 3022-3029, 2008. 5 Good, I. J.: The population frequencies of species and the estimation of population parameters, Biometrika, 40, 237-264, 1953 . Grabowski, A., Nercessian, O., Fayolle, F., Blanchet, D., and Jeanthon, C.: Microbial diversity in production waters of a low-temperature biodegraded oil reservoir, FEMS Microbiol. Ecol., 54, 427-443, 2005 . Analysis of alkane-dependent methanogenic community derived from production water of high temperature petroleum reservoir, Applied. Microbiol. Biotechnol., doi:10.1007/s00253-011-3828-8, 2012. Nazina, T. N., Shestakova, N. M., Grigor'yan, A. A., Mikhailova, E. M., Tourova, T. P., Polta-25 raus, A. B., Feng, C.-X., Ni, F.-T., and Belyaev, S. S.: Phylogenetic diversity and activity of anaerobic microorganisms of high-temperature horizons of the Dagang oil field (P.R. China), Microbiology, 75, 55-65, 2006 . Nilsen, R. K., Torsvik, T., and Lien, T.: Desulfotomaculum thermocisternum sp. nov., a sulfate reducer isolated from a hot North Sea oil reservoir, Int. J. Syst. Evol. Microbiol., 46, [397] [398] [399] [400] [401] [402] 30 1996.
Introduction
Conclusions References Tables  Figures   Back  Close Full Screen / Esc
Interactive Discussion
Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | Orphan, V. J., Taylor, L. T., Hafenbradl, D., and Delong, E. F.: Culture-dependent and cultureindependent characterization of microbial assemblages associated with high-temperature petroleum reservoirs, Appl. Environ. Microbiol., 66, 700-711, 2000. Orphan, V. J., Goffredi, S. K., Delong, E. F., and Boles, J. R.: Geochemical influence on diversity and microbial processes in high temperature oil reservoirs, Geomicrobiol. J., 20, 295-311, evolutionary genetics analysis using maximum likelihood, evolutionary distance, and maximum parsimony methods, Mol. Biol. Evol., 28, 2731 -2739 , 2011 acterization of 16S rRNA genes from oil field microbial communities indicates the presence of a variety of sulfate-reducing, fermentative, and sulfide-oxidizing bacteria, Appl. Environ. 9, 2012 The microbial communities of petroleum reservoirs fluids The microbial communities of petroleum reservoirs fluids Bootstrap values (n = 1000 replicates) of ≥ 75% are reported. Scale bar represents nucleotide changes per site. Sampling locations are as named in Table 1 . Sampling locations are as named in Table 1 . (n = 1000 replicates) of ≥ 75% are reported. Scale bar represents nucleotide changes per site. Sampling locations are as named in Table 1 . and archaeal assemblages (designated with the sampling wells) in response to these axes. . CCA ordination plots for the first two dimensions to show the relationship between the bacterial and archaeal diversity with environmental factors analyzed using a 16S rRNA gene sequence in the production water of petroleum reservoirs. Correlations between environmental variables and CCA axes are represented by the length and angle of arrows (environmental factor vectors), designated with the bacterial group was showed in (A, B and C) and designated with the archaeal group was showed in (a, b and c).
BGD
